1. To investigate whether the areal production of aquatic plant systems can be increased by growing floating and submerged plants together, the floating fern Azolla filiculoides was grown at six densities and two nutrient availabilities in the presence and absence of the submerged macrophyte Elodea canadensis. 2. High nutrient availability did not affect the total areal biomass production, but raised the internal N concentration of Azolla and Elodea by 34% and 152%, respectively, and the internal P concentration by 50% and 378%. 3. High Azolla density reduced Elodea production, whereas Elodea did not affect the production of Azolla. A maximal total production of 4.0 g DW m ±2 day ±1 was obtained at an Azolla density at and above full surface cover, when Elodea contribute with less than 10% to the total. This contribution did not raise the combined production of Azolla and Elodea significantly above the production of Azolla grown alone. Thus, maximum production was not enhanced by growing floating and submerged macrophytes together.
Introduction
Fast growing floating and submerged freshwater macrophytes are used commercially all over the world in aquaculture systems to produce proteinrich feed for animals (Dura Ân, 1994; Leng, Stambolie & Bell, 1994) and green manure (Lumpkin & Plucknet, 1980) . These plants are also used to remove nutrients in waste water treatment (Eighmy, Jahnke & Bishop, 1987; Tripathi et al., 1991) and in biogas production (Taheruzzaman & Kushari, 1989; Jain et al., 1992) . Maximum benefit is often obtained by combining nutrient removal with some of the other functions (Hillman & Culley, 1978; Taheruzzaman & Kushari, 1989) . Water plants used commercially are usually grown in monoculture. If the aim is to maximize biomass or protein yield per surface area; however, monoculture may not be optimal. Studies on terrestrial plants have demonstrated that areal biomass production can be enhanced by growing plants in polyculture (Willey, 1979; Grace & Tilman, 1990; Ranganatan, 1992) . This requires that the growth habitats of the species used are partially separated, either in space or time. Competition between the two species will thereby be minimized compared to competition among conspecifics (Ranganathan, 1992 ). In such a situation a larger proportion of the available resources will be exploited and converted into biomass than if one species was grown alone (Willey, 1979) . However, the increase in yield depends on the competitive advantage of one species over the other for the limiting resource, and on plant density (Willey, 1979; Ranganathan, 1992) . The growth habitats of floating and submerged macrophytes are spatially separated, and depending on the competitive interactions of the two plant forms, aquaculture systems combining floating and submerged plants could be more productive than non-combined systems. Despite this, only a few studies have addressed interactions between these two groups of aquatic plants (McIlraith, Robinson & Shay, 1989; Janes, Eaton & Hardwich, 1996) .
Floating and submerged macrophytes should compete mainly for light and nutrients (McIlraith et al., 1989) . In competition for light, floating macrophytes have the advantage of growing unshaded, while reducing the light available to submerged plants (Janes et al., 1996) . On the other hand, floating macrophytes can acquire inorganic nutrients from the water column only, whereas rooted plants can take them up from both water and sediment (Barko & Smart, 1986) , giving the latter a competitive advantage when nutrients are limiting. The difference in nutrient availability may be further accentuated by nutrient precipitation in the water column and ammonia volatilization, caused by the pH rise associated with photosynthesis of algae and submerged plants. Photosynthesis of algae and some submerged plants can raise the daytime pH above 10 (Berman-Frank & Zohary, 1994; Spencer, Terri & Wetzel, 1994) . Essential minerals such as phosphorus and several micronutrients may start to precipitate with carbonates at pH 7.5 and above (Otsuki & Wetzel, 1972; Wetzel, 1983) , where ammonia volatilization is also important (Vlek, Diakite & Mueller, 1995) .
Therefore, submerged macrophytes could decrease the nutrient supply to the floating plants in mixed aquaculture systems, where the latter could shade the submerged plants. Thus, whether the total production of a two-component system will be higher than that of a monoculture will depend on the nutrient load and the density of the floating plant. However, no systematic study has identified optimal conditions for a two-component system or has compared its production with that of a monoculture.
The present study attempted to evaluate the potential production of a two-component aquaculture system and to identify factors affecting plants growth. Biomass and nutrient supply were manipulated in a system with both floating and submerged plants. Two species, which are commonly used in aquaculture systems, were chosen for the experiment: Azolla filiculoides Lam., a floating fern, and the submerged macrophyte Elodea canadensis Michx.
Materials and methods

Locality
The experiments were performed in summer in a pond close to Cali, Colombia (03°229 N 76°329 W 
Experimental set-up
Plants were grown in 6-L plastic containers (L:W:H = 31:23:12 cm) which were kept afloat in the centre of the pond by attaching these to floating bamboo frames. All containers were covered with nets which reduced the photon flux density by 60% and protected the plants from duck grazing. The PFD was reduced to diminish heating and prevent light stress of the plants in the hot summer months. The plants were grown in unenriched and nutrientenriched well water. The NH 4 +, NO 3 ± and PO 4 ± concentration of the well water was 80 mM NH 4 +, 3 mM NO 3 ± and 6 mM PO 4 ±. The enriched water was fertilized with K 2 H PO 4 to a concentration of 200 mm, which is within the range found to be optimal for Azolla growth (Cary & Weerts, 1992) . In order to keep the NH 4 +:NO 3 ±:PO 4 ± ratio within the range found in the ponds (NH 4 ) 2 SO4 and Na NO 3 were also added to give a final concentration of 1000 mm NH 4 + and 100 mm NO 3 ±. The initial pH of the medium was 7.3 and 7.2 for the low and high nutrient treatments, respectively.
Azolla and Elodea were collected from partly shaded ponds next to the experimental pond. Apical shoots of Elodea (7 cm long) without roots and lateral shoots were blotted and weighed. Four shoots were placed in each container fastened to a plastic mesh, which was fixed to the bottom of the container. The average initial Elodea biomass transplanted was 2.4 g DW m
±2
. Azolla fronds were left for 5 min in a sieve for excess water to drain off. Then the plants were weighed and placed in the containers at six different densities: 0, 75, 150, 300, 450 and 900 g FW m
, corresponding to a frond area index (m 2 frond m ±2 surface area covered) of 0.0, 0.12, 0.25, 0.5, 1.0 and 2.0. The initial dry weight:fresh weight ratio (DW:FW) was determined on plants identical to the experimental material. The 12 treatments of Azolla grown with Elodea (2 nutrient levels´6 Azolla densities) were repeated four times and the 10 treatments of Azolla grown without Elodea (2 nutrient levels´5 Azolla densities) were repeated three times. During the experiment, pH was measured every day at 0800h, and in a 3-day period, every 2 h. The growth medium was changed every 3 days, the containers were washed, and the Azolla fronds were weighed and frond densities adjusted to initial density. The removed material was dried to constant weight at 60°C. After 15 days, all plants were harvested. Frond size and maximal root length were measured for ten Azolla fronds from each treatment and the number of roots was determined. For Elodea, the number of lateral shoots and roots were counted, and the length of all shoots was measured. Subsequently, all samples were dried to constant weight at 60°C. Samples from each treatment were freeze-dried for later analysis of nitrogen and phosphorous concentration.
The degree of shading by Azolla was determined in the laboratory by measuring the transmission of light through Azolla floating on the surface of water in a beaker (diameter: 16 cm), with the sides shielded from light by black cardboard. Light was provided by an incandescent lamp (60 W) and transmission was measured by placing a quantum sensor below the beaker. The degree of shading was determined for eighteen Azolla densities ranging from 1 to 40 g DW m ±2 and between ten and twenty-five measurements were made at each density. Two Azolla morphologies with different root length and DW:FW ratios were used.
Chemical analysis and growth calculation
The nutrient concentration in the growth medium and the pond water was analysed using a HACH Surface Waters Test Kit (Cat. no. 25598±00, HACH, Loveland, CO, U.S.A.). The resolution of the kit was 1.5 mm for NO 3 ± (analysis range: 0±71 mm), 7.4 mm for NH 4 + (analysis range: 0±214 mm) and 0.6 mm for PO 4 ± (analysis range: 0±31 mm). The pH was measured using a HACH Pocket Pal pH Tester, resolution 0.1 pH. Nitrogen and phosphorous concentration was determined on freeze-dried material from each of the treatments. The nitrogen concentration was determined by Kjeldahl analysis (Tecator, Kjeltec Auto 1030 analyser, Ho È gana Ès, Sweden) and the phosphorus concentration by wet oxidation (Krishnamurty, Shpirt & Reddy, 1976) .
Assuming exponential growth, the relative growth rate (RGR, day ±1 ) was calculated by:
where W 1 and W 2 are plant dry weights at day T 1 and T 2 , respectively.
Statistical analysis
Analyses of variance (ANOVA) and covariance (ANCOVA) were carried out according to Sokal & Rohlf (1981) . The results are given as means SD throughout the text.
Results
Growth and production
There was no significant effect of nutrient treatment or the presence of Elodea on the RGR of Azolla (Table 1; Fig. 1a) . However, the rate decreased significantly (r 2 = 0.72, P < 0.01) with increasing frond density from 0.22 0.07 day ±1 at low density to 0.08 0.03 day ±1 at high density.
The RGR of Elodea grown at low nutrient availability was significantly higher than that at high nutrient availability (Table 1; Fig. 1b ). The growth rates decreased with increasing Azolla density from 0.13 0.01 to 0.05 0.01 day ±1 at low nutrient availability (r 2 = 0.86, P < 0.01) and from 0.11 0.4 to 0.06 0.01 day ±1 at high nutrient availability (r 2 = 0.43, P < 0.05).
The areal production of Azolla, expressed as g DW produced m ±2 day
±1
, increased with increasing Azolla density up to a density of about 20 g DW m ±2 , after which it was independent of density ( Fig. 2) . The relative contribution of Elodea to the total areal production decreased exponentially with increasing Azolla density (Fig. 2) , and at densities of maximal total production (> 20 g Azolla DW m ±2 ), Elodea accounted for less than 10%. At these densities, there was no significant difference between the total areal production of Azolla and Elodea, and the production of Azolla grown alone (ANOVA: F 1,26 = 0.01, P > 0.05).
Morphology
The morphology of Azolla was affected by nutrient availability, but not by frond density. Most pronounced was the change in DW:FW ratio, maximal root length and frond colour, whereas root number and frond size did not change. At the end of the experiment, plants grown at low nutrient availability had a DW:FW ratio of 0.027 0.003, a maximal root length of 4.3 0.4 cm and a reddish frond colour, whereas plants grown at high nutrient availability had a DW:FW ratio of 0.044 0.008, a maximal root length of 1.8 0.4 cm and the frond colour remained green. Table 1 Results of an analysis of covariance (ANCOVA; Sokal & Rohlf, 1981, pp . 509±530) of the relative growth rate (RGR) of Azolla filiculoides as a function of Azolla density with low or high nutrient levels, and with or without the presence of Elodea canadensis as covariates (see Fig. 1a) ; and the RGR and morphology (i.e. number of lateral shoots, length-specific weight, shoot length and number of roots) of Elodea as a function of Azolla density with low and high nutrient levels as covariates (see Figs 1b and 3) . At each nutrient treatment, n = 20 for Azolla grown with Elodea, n = 15 for Azolla grown without Elodea and n = 24 for data on Elodea: (NS) not significant at the 5% level Fig. 1 Relative growth rates (RGRs) of the floating fern Azolla filiculoides and the submerged macrophyte Elodea canadensis as a function of Azolla density: (a) the RGR of Azolla grown at two nutrient concentrations in the presence and absence of Elodea (r 2 = 0.72, P < 0.01); and (b) the RGR of Elodea grown at two nutrient concentrations below a varying Azolla cover (for low and high nutrient treatments, respectively, r 2 = 0.86, P < 0.01; and r 2 = 0.43, P < 0.05). The results are shown as means SD; n = 4 for Elodea and Azolla grown with Elodea, and n = 3 for Azolla grown without Elodea.
The shoot morphology of Elodea changed both with nutrient treatment and Azolla density. The number of lateral shoots depended on nutrient availability, with low nutrient plants having more shoots at low Azolla densities and less shoots at high Azolla densities than high nutrient plants (Table 1; Fig. 3a) . The number of lateral shoots decreased with increased Azolla density from 6.3 1.3 to 1 0.5 shoots at low nutrient availability (r 2 = 0.75, P < 0.01) and from 4.4 0.7 to 1.8 0.9 shoots at high nutrient availability (r 2 = 0.48, P < 0.05) (Fig. 3a) . The average length of lateral shoots was independent of nutrient availability (Table 1) , but increased from 4.9 0.7 to 12.3 4.4 cm with increased density (r 2 = 0.56, P < 0.01) (Fig. 3b) . The shoots developed under dense Azolla cover had longer internodes than those developed in full light. This and, possibly, changes in leaf and stem weight were reflected in the linear decrease in length specific weight (g cm ±1 ) of the shoots with increased Azolla cover (for low and high nutrient availability, respectively, r 2 = 0.49, P < 0.05; r 2 = 0.56, P < 0.01). The length-specific weight of shoots grown at low nutrient availability was greater than that of shoots grown at high nutrient availability (Table 1 ; Fig. 3c ). The number of roots of Elodea was higher at low than at high nutrient availability (Table 1 ; Fig. 3d ). At low nutrient availability, the number of roots decreased from 7.1 1.6 to 1.6 0.9 roots per shoot with increased Azolla density (r 2 = 0.75, P < 0.01), whereas at high nutrient availability, there was, on average, 1.3 0.9 roots per plant and no effect of Azolla density (r 2 = 0.03, P > 0.05).
Shading of Elodea by Azolla
The shading net covering the containers reduced the PFD to about 40% of incident PFD. The light received by Elodea was further attenuated by the Azolla cover. The attenuation of light caused by the Azolla cover can be described by:
where I 0 is the PFD above the fronds, I b is the PFD below the fronds, b is frond DW density (g DWm ±2 ) and k is the density specific light attenuation coefficient (m 2 g ±1 ) (Titus & Adams, 1979) . The light attenuation coefficient is determined as the slope of the regression of ln(I b /I 0 ) against biomass density (g DW m ±2 ). In the present study, k was 0.07025 m 2 g ±1 DW (r 2 = 0.97, P < 0.01).
Nutrients
The tissue nitrogen concentration of Azolla and Elodea was independent of Azolla density. In Azolla, the concentration was 2.68 0.22 and 3.60 0.55 mmol N g ±1 DW for plants grown at low and high nutrient availability, and for Elodea, it was 1.38 0.18 and 3.48 0.10 mmol N g ±1 DW. The phosphorus concentration of Azolla decreased with increasing Azolla density. For Azolla grown at low nutrient availability, the decrease was from 0.22 to 0.10 mmol P g ±1 DW,
and for Azolla grown at high nutrient availability, from 0.24 to 0.18 mmol P g ±1 DW. The phosphorus concentration of Elodea grown at low nutrient availability was constant at 0.10 0.02 mmol P g ±1 DW, Fig. 2 Area-specific biomass production of Azolla filiculoides and Elodea canadensis, and the relative contribution of Elodea to the total production, as a function of Azolla density: (a) biomass production of Azolla and Elodea grown at low and high nutrient concentrations; and (b) the relative contribution of Elodea to the total production. Azolla production is fitted to a Bannister (1979) function (r 2 = 0.82, P < 0.01), Elodea production to a linear regression (for low and high nutrient treatment, respectively, r 2 = 0.93, P < 0.01; and r 2 = 0.82, P < 0.01) and the relative contribution of Elodea is fitted to a decreasing exponential function (r 2 = 0.96, P < 0.01). The results are shown as means SD; n = 4 for Azolla grown with Elodea, n = 3 for Azolla grown without Elodea and n = 4 for Elodea.
while it decreased with increased Azolla density from 0.62 to 0.32 mmol P g ±1 DW in Elodea grown at high nutrient availability.
pH
The pH of the growth medium changed between water renewals and significant differences between treatments were observed (ANCOVA: means F 3,97 = 10.376, P < 0.001; slopes F 3,94 = 0.352, P > 0.05). At both nutrient regimes, and both with and without Elodea, pH decreased, on average, by 1.1 0.2 units with increasing Azolla density. The highest pH was found in the low nutrient treatment with Elodea present, where pH decreased from 9.1 at low Azolla density to 7.8 at high density. The lowest pH was found in the high nutrient treatment without Elodea, where pH decreased from 8.4 to 7.2. The pH in the surface water of ponds without Elodea ranged from 7.3 in the morning to 8.5 in the afternoon, while the pH of ponds with Elodea ranged from 6.0 to 10.3. There were no diurnal fluctuations in pH in the experimental containers.
Discussion
Areal production
Azolla production exceeded that of Elodea at all Azolla densities, and when the total areal production was at a maximum, the small contribution of Elodea (< 10%) made no significant difference. Therefore, mixing submerged and floating macrophytes in the present study did not increase maximum areal biomass production.
The maximum Azolla production of about 4.0 g DW m ±2 day ±1 was within the range of 3.5± 6.0 g DW m ±2 day ±1 found for Azolla filiculoides in other field studies Cary & Weerts, 1992) . Maximum Azolla production was achieved at a density at and above full surface cover. In the present study, production did not decline at the highest density, which was twice the surface area, but other studies have shown a decline in production when densities exceeded approximately four times surface area . Therefore, to maximize Azolla production, starting density should be kept above full surface cover ) and plants should be harvested before reaching a frond area index of about 4 (80 g DW m
±2
). The areal production of Azolla was nutrient saturated, but the tissue nitrogen concentration was 35% higher in Azolla grown at high compared to low nutrient concentration. Assuming constant production over the year and assuming nitrogen is bound in proteins, using a nitrogen-protein conversion factor of 6.25 (Marschner, 1995) (Taheruzzaman & Kushari, 1989) . Compared to the protein yield of common terrestrial crops, ranging from 0.2 to 2.5 t protein ha ±1 year ±1 (Hillman & Culley, 1978) , Azolla has a high potential, even if it cannot be grown all year round, as in Colombia.
Plant interactions
The density of Azolla did affect the growth and morphology of Elodea. As Azolla density increased, Elodea growth decreased. So did the number of roots and lateral shoots developed and the weight per length, while the total shoot length increased. Both the decrease in growth rate and the type and extent of morphological changes were similar to those observed in response to decreased light intensities found in various submerged macrophytes (Barko, Hardin & Matthews, 1982; Maberly, 1993) . This indicates that decreased light intensity probably was the major reason for the growth decrease and the morphological changes in Elodea grown under increasing Azolla cover. Nutrient limitation did not play a key role in the decrease of Elodea growth at high Azolla densities, since the internal N and P concentration in Elodea were higher than the critical growth limiting concentration of about 1.3 mmol N g ±1 DW and 0.1 mmol P g ±1 DW (Madsen & Baattrup-Pedersen, 1995; Marschner, 1995) . Nutrient toxicity could have occurred since the RGR of Elodea grown at low nutrient availability was higher than the RGR of Elodea grown at high nutrient availability (Fig. 1b) . It is reported that an ammonium concentration above 280 mm has a growth inhibiting effect on Elodea, while a concentration above 350 mm resulted in biomass loss (Ozimek, Van Donk & Gulati, 1993) . Therefore, the ammonium concentration of 1000 mm in the present study is likely to have inhibited Elodea growth. Nutrient supply did not affect Azolla growth (Table 1; Fig. 1a) , even though plants grown at low nutrient availability exhibited several features typical of nutrient deficiency, such as: (1) reddish frond colour and long roots (Kulasooriya et al., 1980) ; (2) reduced internal nitrogen concentration (Tung & Watanabe, 1983) ; and (3) internal P concentration within the growth limiting range of 0.11± 0.19 mmol P g ±1 DW (Kondo, Kobayashi & Takahashi, 1989; Watanabe & Ramirez, 1990) . The reason why plants with an internal phosphorus concentration within the growth limiting range did not differ in growth from plants with a higher internal phosphorus concentration grown at the same density could be because plants with a higher internal phosphorous concentration were grown at a high ammonium concentration. The high ammonium concentration in the high nutrient treatment could have inhibited Azolla growth to the same extend as the low phosphorous concentration could have done in the low nutrient treatment. However, a separation of the two possible growth-inhibiting factors is not possible from this study. The internal nitrogen concentration was the same at all Azolla densities, confirming an absence of competition for nitrogen in Azolla. This was expected, since Azolla can obtain nitrogen from the air through the Azolla±anabaena association and can achieve maximum growth rate in a nitrogen-free media (Okoronkwo & Van Hove, 1987; Kitoh, Shiomi & Uheda, 1993) . A pH-related effect on Azolla growth induced by Elodea was thought possible, since the photosynthetic activity of Elodea raises the pH considerably in the ponds where it grows. The formation of ammonia, and the precipitation of phosphorus and micronutrients associated with high pH were expected to have a negative impact on the growth of Azolla (Otsuki & Wetzel, 1972; Vlek et al., 1995) . However, in the present study, Azolla growth increased with higher pH levels. The pH increase also correlated with the decrease in Azolla density. Thus, the positive correlation between pH and Azolla growth was considered mainly to be a result of Azolla density. Growth rates of Azolla plants grown at the same density, but at different pH levels were the same. Hence, the pH changes induced by Elodea in this study were not large enough to affect Azolla growth. Direct physical inhibition of frond expansion, and possibly self shading at high densities, seem to be the main growth limiting factor for Azolla in the present study.
The present study suggests that mixing submerged and floating macrophytes does not significantly increase the maximum areal production. Thus, even though Azolla and Elodea grow in spatially separated habitats, shading by Azolla, at plant densities yielding maximum areal production, was too great to allow any significant Elodea production.
